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(57) ABSTRACT

An object of the present invention is to provide a microorgan-
ism at the elemental composition level, and to provide a
technique for providing such a microorganism. The present
inventor has succeeded in causing a microorganism to effi-
ciently contain a non-essential element by decreasing the
content of an essential nutrient source for the microorganism,
a C source, an N source, a P source, or an S source, and by
adding an X compound containing the non-essential element
as a constitutive element in a manner to make up for the
decreased amount, and then culturing the microorganism.
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METHOD FOR CULTURING
MICROORGANISMS TO INCORPORATE A
SUBSTITUE ELEMENT

This application is a National Stage application filed under
Rule 371 based upon PCT/JP2011/070152 filed Sep. 5,2011.

TECHNICAL FIELD

The present invention relates to a novel method for cultur-
ing a microorganism, a method for producing microbial cells
that have a novel elemental composition, which comprises
causing the microorganism to use a compound containing a
substitute element substituting for an essential element
through the use of the culture method, and the thus produced
microorganism.

BACKGROUND ART

1. Introduction

When studied on the basis of morphological classification,
microorganisms are of many types. However, when consid-
ered from the view point of essential elements that compose
cells, microorganisms are of fewer types. There isatotal of 11
kinds of major essential elements that compose microbial
cells: 6 organic elements (C, N, P, S, O, and H); and 5 elec-
trolytic elements (Na, K, Ca, Mg, and Cl) are most probably
contained in all microorganisms. In addition to these essential
elements, it is known that, from among 9 basic trace elements
(V, Mo, Se, Mn, Fe, Co, Ni, Cu, and Zn), 2 elements (V and
Mo) are contained in specific microbial species, while the
remaining 7 elements are contained by almost all microor-
ganisms. Moreover, any specific microbial species contains
ordoes not contain at least one of 3 general trace elements (W,
Si, and Sn).

2. Essential Element

Whether or not an element is essential for an organism can
be revealed by a method that involves examining the amount
of'an element to be supplied and a biological reaction, which
indicates whether the element is essential for the organism,
for example. Specifically, by using the method and technique
determination is made that an element is essential for an
organism, when the supply of the element is gradually
increased from null, then the resulting biological reactions
appear within a dose range in as per the following order: no
growth, weak growth or nutritional deficiency, accelerated
growth, optimum growth, poor growth, presence of harmful
symptoms, and impossibility in growth or death. Specifically,
under a particular growth environment, for example, suppose
that Zn within a low-concentration range has the effect of
delaying mouse growth. Zn, when given in a concentration
that is slightly higher than such concentration range, pro-
motes the growth in an accelerated manner, but Zn in an even
higher concentration has an inhibitory effect, then, Zn would
be regarded as an essential element for mice. These results are
considered to be nutritional evidence indicating that the rel-
evant element is essential.

3. Non-Essential Elements Contained in General Microor-
ganisms are Reported as Below.
3-1. (V, Mo)

The element vanadium (V) has been proven to be an essen-
tial element for rats and chicks (Non-patent Literature 1). Itis
also known that vanadium is present at a particularly high
concentration in blood cells of sea squirts. However, the ori-
gin of “V” in sea squirts, the assimilation mechanism thereof,
and the role thereof remain unclear. It is also known that
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molybdenum-containing hydroxylase is present in many bio-
logical species ranging from bacteria to humans (Non-patent
Literature 2).

Higher plants do not have their own capacity for using
nitrogen in the air. The supply of ammonia or a nitric acid
group depends on the microbial capacity for fixing nitrogen.
A nitrogenase enzyme that is responsible for a reaction that
generates ammonia from nitrogen in air, which is an impor-
tant stage of microbial nitrogen fixation, is a metal enzyme
containing V or Mo. Hence, nitrogen-fixing microbial cells
contain V or Mo (Non-patent Literature 3-6). Whether a
microorganism contains V or Mo differs depending on micro-
bial species.

Examples of nitrogen-fixing bacteria include a dozen spe-
cies of anaerobic or aerobic heterotrophic bacteria (e.g., Azo-
tobacter sp., Clostridium sp., Desulfovibrio sp., Escherichia
sp., and Klebsiella sp.), root nodule bacteria, Rhizobium sp.,
a symbiont living with leguminous plants, photosynthetic
bacteria, and about 40 species of blue-green algae. Among
approximately so-called a hundred thousand species of
microorganisms, the number of species of nitrogen-fixing
bacteria is limited, but they are broadly distributed on earth.
When these nitrogen-fixing bacteria are grown under nitro-
gen fixation conditions, V and Mo are essential elements, but
are not essential elements when the nitrogen-fixing bacteria
are grown under heterotrophic conditions.

Meanwhile, a haloperoxidase enzyme, by which a reaction
is conducted to degrade C-halogen bonding among limited
species of mushrooms and fungi, is a metal enzyme contain-
ing V.

3-2. (Si)

Among microorganisms in broad terms (including bacte-
ria, yeast, filamentous fungi, basidiomycetes and algae, and
Protozoa), a type of algae needs Si. Diatoms contain Si as a
constituent of cell walls, and thus Si is essential (Non-patent
Literature 7). Si is also found in some kinds of Radiolarida.
However, the need of Si has not been proven for general
microorganisms (bacteria, yeast, filamentous fungi, and
basidiomycetes) other than algae and diatoms.

Moreover, several microorganisms have been tested for the
capacity for metabolizing an organic silicon compound or an
organic silicone. As a result, it has been found that relatively
many filamentous fungi and bacteria metabolize such an
organic silicic acid compound (Non-patent Literature 8). It
has also been found that a strain of Bacillus sp. is capable of
eluting a phosphate group from a phosphorus ore (Non-patent
Literature 9). In this case, microbial cells contain Si. How-
ever, although microorganisms degrade and metabolize
organic carbon portions, their assimilation of silicon has
never been reported. It is rather assumed that inorganic silicon
is finally generated.

3-3. (Ge)

Ge-containing yeast cells were prepared (Patent Literature
1). In this literature, yeast was caused to incorporate Ge in a
nutrient-rich medium. The literature describes that the Ge
compound was incidentally incorporated by yeast with low
incorporation efficiency and does not describe that such
incorporation can be achieved by other microorganisms.
3-4. (Te)

It has been reported that filamentous fungi having natural
resistance to a Te compound were caused to incorporate Te.
Although Te was used for the filamentous fungi of this litera-
ture under conditions of a limited amount of an S source, the
aforementioned literature does not report that Te can be used
as an S source, P source, N source, or C source substitute in
wide-ranging general microorganisms.
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3-5. (Metal Adsorption by Microorganism)

As a result of studies to cause microorganisms to adsorb
hazardous metals including Cr, Cd, Hg, and Pb in order to
eliminate these metals, it has been found that many microor-
ganisms adsorb various metals, as reported in Patent Litera-
ture 2, for example. For example, it has been reported that Pb
was bound to cell membranes or outer membrane polysac-
charides, and that when incorporation of lead citrate was
attempted, its citric acid portion was metabolized as a nutri-
ent, but Pb was bound to and deposited on cell surface layers.
3-6. (Conclusion)

As described above, a few facts indicating that microor-
ganisms incorporate non-essential elements have been
reported. These facts are characterized as follows.

1. Subject non-essential elements include highly toxic ele-
ments and the number of types thereof are limited to few.

2. Microorganisms used herein are a small number of specific
microorganisms. These microorganisms were newly iso-
lated from nature as microorganisms capable of incorpo-
rating compounds that contain elements of interest, or were
selected from many existing microorganisms. It has not
been described about whether or not microorganisms other
than these selected strains could incorporate the elements
of interest.

3. A case, in which a method for culturing microorganisms is
improved for the purpose of causing them to incorporate
safe or low-toxic non-essential elements, has never been
reported. It has also never been reported that a microorgan-
ism can be modified by mutation or the like to make it
possible to efficiently incorporate such elements.
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SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

Major substances such as DNA or proteins composing cells
of microorganisms such as Escherichia coli are constructed
with common basic substances as materials. Major constitu-
ent elements of microbial cells are almost common. There-
fore, in a search for a novel microorganism, an attempt with a
hope to discover a novel microorganism, which is new at the
element level, has been limited, since the number of combi-
nations of elemental compositions is limited to a relatively
small number thereof. If a microorganism that contains a
novel element unknown to be used by a microorganism,
instead of one of 6 organic elements, can be created, this must
be a novel microorganism at the level of elemental composi-
tion. Such a microorganism can also be considered as a novel
microorganism when it is classified by morphological and
chemical classification techniques.

Hence, objects of the present invention are to provide a
microorganism which is novel at the level of elemental com-
position and to provide a technique for providing such a
microorganism.

Another object of the present invention is not to simply
provide a microorganism to which a compound containing an
element that is not generally used by a microorganism is
adhered or absorbed, but to provide: microbial cells contain-
ing element X (that has never been thought to be an essential
element for microorganisms) as an essential element; and a
technique therefor.

Means for Solving the Problem

In the Description of the present application, a nutrition
source containing the element C may be referred to as a C
source, a nutrition source containing the element N may be
referred to as an N source, a nutrition source containing the
element P may be referred to as a P source, and a nutrition
source containing the element S may be referred to as an S
source.

The present inventor has succeeded in causing a microor-
ganism to efficiently contain a non-essential element by
decreasing the content of a C source, an N source, a P source,
or an S source that is an essential nutrient source for the
microorganism, and then culturing the microorganism in a
medium supplemented with an X-containing compound that
contains non-essential element X as a constitutive element to
make up for the aforementioned decreased content.

As microorganisms, existing microorganisms, microor-
ganisms isolated from samples in the natural environments,
and wild-type strains as well as mutant strains exhibiting poor
permeability for a C source, an N source, a P source, oran S
source compound, metabolism-deficient mutant strains, and
the like can be used.

The present description encompasses the contents
described in the description and/or drawings of JP Patent
Application No. 2010-294074, based on which the present
application claims priority.
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Effects of the Invention

According to the present invention, an existing microor-
ganism is cultured in a medium supplemented with an X-con-
taining compound that contains element X (that has hitherto
never been found in microbial cells) as a constitutive element
under conditions where any one of nutrition sources includ-
ing a C source, an N source, a P source, and an S source is
limited, so that the microorganism grows depending on the
X-containing compound and can be caused to efficiently
incorporate the element X. Specific examples of element X
include Sc, Y, La, Nd, Eu, Er, T1,V, Nb, Mo, W, B, Si, Ge, Sn,
As, Sb, and Te.

The content of the element X is increased in the cells of the
present invention compared with control cells; that is, cells
obtained in an optimum medium containing a C source, an N
source, a P source, an S source, and other nutrients in rich and
appropriate amounts.

When the microbial cells of the present invention are
caused to incorporate V or Mo, for example, the resulting
content is 100 ppm or higher. Specifically, this is much higher
than the 1 ppm level that is the content of V or Mo in nitrogen-
fixing bacteria under natural weathering conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the results of examining the growth of 3
strains of bacteria and fungi in C source-deficient media each
supplemented with a limited amount of a C source (denoted as
“aC”) and an organic silicon compound as a C source sub-
stitute compound (denoted as “X”).

FIG. 2 shows the results of examining the growth of
Escherichia coli using a C source-limited medium supple-
mented with a small amount of organic acid and a methyl
group-containing organic silicon compound mmSi as a C
source substitute compound. FIG. 2 further shows the results
of examining the effects of subculture; that is, adaptation
culture started at the end of the culture in a medium of the
same composition.

FIG. 3 shows the results of examining the growth of
Escherichia coli (washed cells) in an N source-deficient
medium N (=) supplemented with a limited amount of an N
source (denoted as “aN”) and an N source substitute com-
pound (denoted as “X”).

FIG. 4 shows the results of examining the growth of
Escherichia coli (starved culture cells) in a medium contain-
ing a limited amount of an N source (denoted as “aN”’) and an
N source substitute compound (denoted as “X”).

FIG. 5 shows the results of culturing the E. coli K12
NBRC3301 strain and then measuring the colony forming
units by a colony counting method.

FIG. 6 shows the results of examining the growth of
N-starved culture cells of the B. subtilis Marburg
NBRC13719 strain as starter cells.

FIG. 7 shows the results of examining the growth of
Escherichia coli NBRC3301 in a P source-deleted medium
supplemented with a limited amount of a P source (denoted as
“aP”) and a P source substitute compound (denoted as “X”).

FIG. 8 shows the results of examining the growth of Nocar-
dia asteroides NBRC15531 in a medium supplemented in a
manner similar to the above with a limited amount of a P
source (denoted as “aP”) and a P source substitute compound
(denoted as “X”).

FIG. 9 shows the results of examining the time lapse
growth of Nocardia asteroides NBRC15531 in a manner
similar to the above.
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FIG. 10 shows the results of examining the growth of
Escherichia coli NBRC3301 in an S-source deleted medium
S (=) supplemented with a limited amount of an S source
(denoted as “aS™) and an S source substitute compound (de-
noted as “X”).

FIG. 11 shows the results of culturing Escherichia coli
mutant strain (NBRC3993) blocked in metabolism of S and
then examining the growth thereof in a manner similar to that
of FIG. 10 in a S source-deleted medium S (-) supplemented
with a limited amount of an S source (aS) and an S source
substitute compound (denoted as “X”).

FIG. 12 shows the result of conducting a test using another
S source substitute compound that was not used in the test of
FIG. 11 using the NBRC3993 mutant Escherichia coli strain.

FIG. 13 shows the results of examining the relationship
between the dose of Si and growth when a mutant of . coli
K12 strain requiring cys and met (NBRC3993) grew using Si.

FIG. 14 shows the results of adaptation culture of Nocardia
asteroides NBRC15531.

FIG. 15 shows the results of a study of yeast growth with
Pichia pastoris NBRC10777 in an S source-deleted medium
(S (=) medium) supplemented with a limited amount of an S
source (aS) and a S source substitute compound (X), in which
the subculture thereof was repeated in a medium of the same
composition.

EMBODIMENTS FOR CARRYING OUT THE
INVENTION

1. Introduction
1-1. Elements Constituting Living Organism

It has been revealed that Escherichia coli cells comprise
several structures including cell walls, cytoplasm mem-
branes, cytoplasmic solutions, ribosomes, nuclei, and flagella
as observed under a microscope. These structures are con-
structed by combining major substances (macromolecular
compounds) such as DNA, proteins, polysaccharides, and
lipids. These major substances are composed of a group of a
small number of low-molecular-weight substances referred
to as “basic substances for life” as building units parts. The
term “basic substances for life” refers to 5 kind of nucleobase,
10 or more kind of sugars, 20 or more kind of amino acid, and
10 or more kind of fatty acid, for example. Specifically, a
major substance, DNA is comprised of nucleobases (5 kinds
of sugars), (2 types), and phosphoric acid. Another major
substance, protein, is comprised of basically a straight link-
age of 100 to 1,000 amino acids (20 kinds), wherein saccha-
rides may be bound to some sites of the amino acid chains.
Another major substance, polysaccharide, is comprised of
sugars (10 or more kinds) that are linked in a straight or a
branched chain linkage form, to which a phosphate group or
a sulfate group or a fatty acid may be bound. A lipid is a
compound in which glycerin and various fatty acids (10 or
more kinds) are combined, bound, to which a polysaccharide,
a phosphate group, a sulfate group, or serine (an amino acid)
may be bound.

Basic substances for life, such as a nucleobase, sugar sac-
charide, an amino acid, and a fatty acid, and the like are
molecules composed of some of or all the 6 elements, C, N, P,
S, O, and H. Therefore, major substances contained in
Escherichia coli cells are mainly composed of the 6 elements
composing basic substances for life. Actually, about 14 inor-
ganic elements are found in Escherichia coli cells in addition
to these elements. Specifically, these 14 inorganic elements
include 5 inorganic elements (e.g., Na, K, Mg, Ca, and Cl) and
9 trace metal elements (V, Mo, Se, Mn, Fe, Co, Ni, Cu, and
Zn) (in the case of higher organisms, Cr is added to the 9
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elements to resultin 10 in total). Thus, the total of 14 elements
plus the above 6 elements equals a total of 20 elements. The
latter 14 inorganic elements and trace metal element are not
included as member of elements constitutive of basic sub-
stances for life. However, in many cases, these 14 elements
are found in association with major substances, thereby main-
taining the conformation of a major substance that is a mac-
romolecular substance such as DNA or protein, and playing
an essential role in exertion of the functions of major sub-
stances such as enzyme activity.

1-2. Essential Elements

One of the currently available methods for determining the
essential elements is as follows. This is a method that involves
examining the supply of an element and the biological reac-
tions, and then revealing whether or not the element is an
essential element for the organism. Specifically, the method is
atechnique by which an element is determined to be essential
for an organism when the supply of the element is gradually
increased starting from none, and then the resulting biological
reactions appear within a dose range, in as per the following
order: no growth, weak growth or nutritional deficiency,
accelerated growth, optimum growth, poor growth or indica-
tion of harmful symptoms, and impossibility in growth or
death. For example, supposing that Zn, supplied in a low-
concentration range, has an effect of delaying mouse growth.
Zn, given in a slightly higher concentration, promotes the
growth in an accelerated manner, but Zn given in a even
higher concentration has an inhibitory effect. Under such a
growth environment, Zn is regarded as an essential element
for mice. The results are regarded as nutritional evidences
indicating that the relevant element is essential. In the present
invention, this method was applied to microorganisms. Spe-
cifically, Si is taken as an example for explanation. Si has not
been regarded as an essential element for Escherichia coli. An
Si compound containing Si element is added to an Escheri-
chia coli growth medium. When Escherichia coli grows
increasingly in a dose-dependent manner compared with that
of no addition, and the intracellular content of the Si element
in Escherichia coli increases, present inventor believe that the
Sielement is regarded as an essential element for Escherichia
coli under the conditions employed.

2. Isolation of Microorganism Capable of Using Element that
is not Generally Known to be Used by Microorganism

The present inventors carried out a research for isolation of
a microorganism capable of using silicate instead of an S
source from a soil sample taken at natural environment.
According to known examples of isolation of microorgan-
isms, isolation was attempted using agar media of unique
environment conditions created by varying the pH, tempera-
ture, salt concentration, and the like of media. As a result,
colonies appeared in the agar medium; however, almost all
colonies exhibited a tendency of attenuated growth after rep-
etition (several times) of subculture in media of the same
composition.

Next, the present inventors conducted another research in
the same way as above, using Escherichia coli as a represen-
tative existing bacterium and a liquid medium. In this test, a
liquid medium was prepared by adding sodium silicate to a
synthetic medium containing all the 4 essential nutrients:
appropriate amounts of a C source, an N source, and a P
source and a limited amount of an S source. Washed Escheri-
chia coli was used to seed into the liquid medium and then
incubated at 37° C. On this occasion growth was clearly
observed, and E. coli grew to a higher level than that in the
control medium to which no silicate had been added. Further-
more, it was discovered that E. coli grew again even after
subculture in medium of the same composition. Subse-

10

25

40

45

55

65

8

quently, it was further discovered that: Escherichia coli grew
even when a general trace element other than silicate or a
compound containing an element that had not been regarded
as an essential element for microorganisms were used; and
that under similar conditions, other bacteria, actinomycetes,
yeast, filamentous fungi, and the like also grew. Thus, the
present inventors completed the present invention.

3. Culture Method that Causes a Microorganism to Incorpo-
rate a Substitute Compound Containing a Substitute Element
Substituting for an Essential Element

3-1. Medium

3-1-1. Nutrition-Deleted Medium

In the present invention, a medium deleting one, two, or
more elements from among C, N, P, and S is referred to as a
nutrient-deleted medium.

An example thereof'is a medium prepared by deleting only
anutrition source containing any one of the elements C, N, P,
and S from a complete nutrition medium (denoted as “CM
medium”). A specific example thereof is a medium prepared
by deleting only an S source from a complete nutrition
medium, so that it substantially lacks the S source and
Escherichia coli cannot substantially grow even when seeded
therein. Such a medium is denoted as an “S (-) medium.”
Similarly, in the case of deletion of other nutrition sources, an
example thereof is a medium prepared by deleting only a C
source, an N source, or a P source from a CM medium, so that
it substantially lacks the C source, the N source, or the P
source and Escherichia coli cannot substantially grow even
when seeded therein. These media are denoted as a “C (-)
medium,” an “N (=) medium,” and a “P (-),” respectively.

Here, the term “CM medium” refers to a medium appro-
priate for the growth of a microorganism such as Escherichia
coli to be subjected to the present invention. For example,
regarding Escherichia coli, an example of the CM medium
has the composition containing essential nutrients for the
growth of Escherichia coli (e.g., a C source, an N source, a P
source, an S source, an inorganic material such as NaCland a
trace metal salt, and substances required as nutrients) in
appropriate amounts, and enables Escherichia coli to grow
approximately to a known amount at a known rate therein.

The present inventors mainly used two types of CM
medium and modified media thereof. The composition
thereof is as follows.

(a) GY medium: This was used for seed culture. Compo-
sition: glucose (10 mg/mL), yeast extract (5 mg/mL),
peptone (10 mg/ml), NaCl (3 mg/mL), sodium
glutamate (2 mg/mL), pH 6-7.

(b) CM medium: A synthetic inorganic salt medium. This
was used for a growth test, for example.

(Concentration of ingredient (mg/mL.)):

(C source) glucose (10 mg/mL), glycerol (5 mg/ml.)

(N source) NH,Cl (1 mg/mL), urea (0.1 mg/mL)

(P source) K,HPO,, (0.6 mg/ml), KH,PO, (1.4 mg/ml.)
Total: 2.0 mg/mL

(S source) Na, SO, (0.2 mg/mL)

(Inorganic salt (mg/ml.)) NaCl (1.5 mg/mL), KCI (0.1
mg/ml.)

(Metal salt) Mg (150 meg/ml), Ca, Fe, and Zn (10 meg/mL.
each), Mn, Cu, Co, Ni, Mo, and W (3 mcg/ml each)

(Amino acid) Arg. HCI (0.5 mg/mL), Asparagine (0.5
mg/mL), Glutamine (0.5 mg/mL), Lysine. HC1 (0.5
mg/ml.)

(Additive) The following substances were separately used
as necessary.

A yeast extract (0.01-1.0 mg/mL), Tween20 (0.1 mg/mlL),

oleic acid Na (0.1 mg/mL), 2-ketoglutarate (0.1 mg/mlL.),
biotin (0.01 or 0.001 mg/ml.), a substance required as a
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nutrient (when a mutant strain requiring the nutrient was
used), deionized water, pH 6.0-7.5 before the initiation of
culture, test tubes containing 10 m[/100 mL of medium,
Erlenmeyer flasks containing 20 mI./100 mL of medium, and
Erlenmeyer flasks containing 120 m[./500 mL of medium,
and the like were used.

Also, the expression in the present invention, “cannot sub-
stantially grow” means that cells can grow to a level only
twice (or less) the amount of cells inoculated at the initiation
of culture. Although seeded ina C (=), N (=), P (=), or S (-)
medium prepared by deleting one of these essential nutrient
sources, inoculated cells can grow in some cases. This can
take place when a nutrient may also be inevitably brought
together with the inoculated cells. However, such a growth is
decreased as cells are subcultured, and it merely takes place
temporarily.

In addition, for example, when an S(-) medium is pre-
pared, an S-containing compound such as sulfate, S-contain-
ing amino acid, or sulfonate is not used upon selection of a C
source, an N source, and the like. Similarly, since a complex
natural nutrition source such as a commercially available
yeast extract contains an S-containing peptide, the use thereof
as a nutrition source for an S(-) medium requires attention. In
the present invention, a synthetic inorganic salt medium was
used as an S(-) medium. The same applies to a case when a
C(-) medium, a N(-) medium, or a P(-) medium is prepared.
3-1-2. Nutrition-Limited Medium

In the present invention, a nutrient-deleted medium, which
lacks any one, two or more of the above elements C, N, P and
S and is supplemented with only a limited amount of a com-
pound containing the deleted element, is referred to as a
“nutrient-limited medium.”

For example, a C source-deleted medium supplemented
with a limited amount of a C source may also be described as
“C (aC),” an N source-deleted medium containing a limited
amount of an N source may also be described as “N (aN),” a
P source-deleted medium containing a limited amount of a P
source may also be described as “P (aP),” and an S source-
deleted medium containing a limited amount of S may also be
described as “S (aS).”

Also, the meaning of the term “limit(ed)” is explained as
follows using a case in which an S source is limited, as an
example. The concentration of a compound containing S
(S-containing compound) is not necessarily strictly specified,
as long as it is contained in a limited amount, and can account
for 1% to 10% of the conventionally used amount of an S
source in a CM medium. When the amount of an S-containing
compound to be added is too low, no growth can take place.
When the amount of the same is too high, cells seem to grow
in a medium supplemented with a substitute compound (as
explained later), however, the cells may actually grow using
the S-containing compound. An amount within the range
between them can be said to be a useful limited amount for the
present invention. This can be varied depending on a micro-
organism to be used, a substitute compound to be contained in
a medium supplemented with the substitute compound, and
other conditions.

When a C source, an N source, or a P source is limited,
similarly, the limited amount thereof'is not necessarily strictly
specified. The limited amount thereof may account for 1% to
10% of that of the C source, the N source, or the P source
contained in a general CM medium.

3-1-3. Medium Supplemented with Substitute Compound

(1) In the present invention, a medium prepared by limiting

the amount of any one, two or more of the elements C, N,
P and S above, and adding a compound (hereinafter,
referred to as “substitute compound” or “X-containing
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compound”) containing element X (hereinafter, referred
to as “substitute element”) alternative to the limited ele-
ment is referred to as a medium supplemented with a
substitute compound. When a substitute compound is
added to a nutrient-limited medium prepared by limiting
the amount of a C source, an N source, a P source, or an
S source, the resultant can be described as a C(aC+X)
medium, an N(aN+X) medium, a P(aP+X) medium, or
an S(aS+X) medium.

Examples of such a substitute compound include inorganic
or organic compounds usable for microorganisms, which
contain, as a constitutive element(s), one, two, or more ele-
ments selected from the group of elements belonging to
groups 3,4, 5, 6, 13, 14, 15, and 16 of the 2nd, 3rd, 4th, 5th,
and 6™ periods in the long form periodic table, from which C,
N, P, S, and O are excluded.

Examples of an substitute element include Sc, Y, La, Nd,
Eu, Er, Tb, T1, V, Nb, Mo, W, B, Si, Ge, Sn, As, Sb, and Te.
Specific preferable examples thereof include one, two, or
more elements selected from the group consisting of La, Nd,
Eu, Ti, V, Mo, W, B, Si, Ge, Sn, and Te. Further preferable
examples thereof include Nd, Eu, V, Si, and Ge.

Examples of a substitute element of an inorganic com-
pound or an organic compound can be exemplified as follows,
wherein (AcO) denotes an acetyl group, (2PrO) denotes an
isopropoxyl group, (EtO) denotes an ethoxy group, Me
denotes a methyl group, and (MeO) denotes a methoxy group:
(Se)(2PrO),Sc, (Y)YCl,, (En(2PrO);Er, (Yb)(AcO),YD,
(TyTicl, (Et0),Ti, (ZnZrCl,, (EtO),Zr, (V)Na,VO,,
NH,VO,, (EtO);VO, (Nb)(EtO);Nb, (Mo)Na,MoO,,
(W)Na,WO,, (B)Na,BO,, (MeO),B, (A)AICI;, Me,Al, (S1)
Na,Si0,, Na,SiO,, water glass, Me(MeO),Si, (Ge)Et,Ge,
(Et0),Ge, (Sn)K,Sn0O,, (As)Na,AsO,, and (Te)K,TeO,.

Specifically, such a “substitute compound” is an oxide, or
chloride of a substitute element, or the other types of inor-
ganic compound, or an organic compound thereof. The term
“substitute compound” refers to a compound that can be used
by a microorganism seeded in a nutrient-limited medium
supplemented with a substitute compound and these com-
pounds. When an substitute element is X, an X-containing
compound as a substitute compound may contains (1) an
alkali metal salt or an ammonium salt of an oxide of X, (2) an
inorganic acid salt or an organic acid salt of a base of X, and
(3) asimple ester or ether prepared by binding a methyl group
or an ethyl group to inorganic acid of X. Specifically, when X
is Si, the X-containing compound contains silane. When X is
B, it contains borane. For example, Me (MeO),Si (methylt-
rimethoxysilane) is contained.

Furthermore, an amino acid derivative, a sugar derivative,
or a fatty acid derivative of an X-containing compound can be
used, for example. Specifically, the compound may be a
chemically synthesized compound containing element X or a
compound derived from a natural product. An X-containing
compound that can be used herein may be a monomer or a
polymeric X-containing compound, such as a dimer, a trimer,
or a tetramer.

As these compounds to be used can be, either water-soluble
substances or water-insoluble substances.

Thetotal amount of a substitute compound may be added to
amedium at once, or it may be divided into portions and then
the portions may be added separately and intermittently.

When multiple substitute compounds are added, the
amount of growth may further be increased than the case of
addition of a single substitute compound.

A medium may be in a liquid, a solid, or a semifluid form
in any of the above cases.
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(2) Amount of substitute compound added

The amount of a substitute compound to be added can be
examined as follows.

In a synthetic medium containing a constituent compound
having a known concentration (as in a published literature),
the concentration of an S source compound ranges from about
0.1 g/lL to 1 g/I.. When ammonium sulfate is used as an N
source, the concentration may be higher than such an
example.

A substitute compound to be added to a medium is
regarded as a S source substitute. Hence, the concentration of
such a substitute compound to be added is determined accord-
ing to the concentration of an S source compound as
described in published literature. Specifically, the concentra-
tion of such a substitute compound ranges from 0.1 g/I. to 1
g/LL and preferably ranges from 0.1 mM to 50 mM. However,
the concentration thereof may differ depending on microor-
ganisms and/or culture conditions.

The limited amount of an S source preferably accounts for
about 1%-10% of that of an X compound. However, the
limited amount thereof is not limited thereto and may differ
depending on strains or culture conditions.

It is generally useful to add a trace amount of a complex
natural nutrient such as an yeast extract, to a medium as an
agent for accelerating microbial growth. In the present inven-
tion, it is often required and useful to add a trace amount of
such a complex natural nutrient to a medium supplemented
with a substitute compound. However, such a complex natu-
ral substance is a growth accelerator and can also be an
essential nutrient source (e.g., C, N, P, or S source), at the
same time. In the present invention, even when a complex
natural nutrient is added to a nutrient-deleted medium not
supplemented with a substitute compound or a nutrient-lim-
ited medium, such an addition is not regarded as the addition
ofa C, N, P, or S source, as long as the amount thereof added
herein is within a range such that it does not cause a change in
the amount of microbial growth. When a yeast extract is
added at 0.5 mg/mL or less to a C(-) medium, this addition
did not affect the amount of Escherichia coli growth. Thus,
the amount of the yeast extract in this case is not considered
as the limited amount of a carbon source (aC). Similarly,
under conditions employed by the present inventors, 0.05
mg/mL or less of a yeast extract is not considered as a limited
amount of an N or a P source, and 0.01 mg/mL or less of the
yeast extract is not regarded as a limited amount of an S
source.

The pH for a CM medium, an S(-) medium, an S(X)
medium, or an S(X+a.S) medium is not particularly limited.
Inthe case of Escherichia coli, the pH of a medium preferably
ranges from 5 to 8.

When a microbial strain is a strain requiring a nutrient, and
specifically, when it requires the presence of an S-containing
compound such as methionine or biotin for its growth, the
minimum amount of such a compound must be added to the
medium to satisfy the nutritional requirement.

Other Additives

When a small amount of fatty acid, 2-ketoglutarate, or a
yeast extract is added to a growth test medium, microbial
growth may be accelerated in an S(X) medium in some cases.
Examples of fatty acid to be added herein include C10-C18
saturated or unsaturated fatty acids. In this case, the mecha-
nism by which microbial growth is accelerated currently
remains unknown.

The ratio of a C source, an N source, a P source, and an S
source to be added can be determined in reference to media
described in microbiology books.
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Cases in which Escherichia coli is cultured in a S-limited
medium supplemented with an X-containing compound are
explained above as examples.

(3) Notation for medium

When cells are cultured in a medium supplemented with an
X-containing compound under conditions where the amount
of a source (P source, N source or C source) other than S
source is limited, the following media can be used, for
example:

CM medium, P(-) medium, P(aP) medium, P(X+aP)
medium

CM medium, N(-) medium, N(aN) medium, N(X+aN)
medium

CM medium, C(-) medium, C(aC) medium, and C(X+aC)
medium.

A further required nutrient and an amino acid (it may also
be abbreviated as “a” or “aa”), a yeast extract (it may be
denoted as “Y™), a fatty acid (it may be described as “f”),
and/or 2-ketoglutarate (it may be abbreviated as “k”) for
accelerating the growth may be added to an S(X+aS)
medium, a P(X+aP) medium, an N(X+aN) medium, or a
C(X+aC) medium. Notation for media in these cases is as
described below. For example, when an yeast extract (Y) and
2-ketoglutarate (k) are added to the N(X+aN) medium, the
medium is denoted as N(X+aN)Yk medium. Similarly, when
fatty acid (f) and amino acid (a) are added to the S(X+aS)
medium, the medium can be described as (X+aS)f medium.
When additives other than X and aP are added to the P(X+
aP) medium, the medium is denoted in the same manner, such
as a P(X+aP)Ya medium or a C(X+aC)Ya medium.

When bacteria other than Escherichia coli, yeast, and fila-
mentous fungi are cultured, it is desirable to select a medium
and culture conditions appropriate for each of them. The
purpose can be achieved using only one medium according to
the purpose of a test. The pH of'a medium and the temperature
for culture are not particularly limited, as long as microor-
ganisms can grow. In the case of general microorganisms, the
temperature for culture ranging from 10° C. to 45° C. can be
employed. When a thermophilic microorganism is used, it
should be cultured at a temperature even higher than the
above range. Also, microorganisms grow at the pH ranging
from 1 to 12.

The concentration of an S-containing compound to be
added to the S(X+aS) medium is not necessarily strictly
specified, as long as the amount thereof is within the limited
amount thereof. When the amount thereof to be added is too
low, the growth is decreased or does not take place. When the
amount thereof is too high, the microorganism may actually
grow using the S-containing compound added, even if it
seems to grow in the S(X+aS) medium. An amount within the
range between them can be said to be a useful limited amount
for the present invention. This can be varied depending on a
microorganism to be used, an X compound, and other condi-
tions. However, as described above, determination can be
made using a difference in the amount of growth between two
media as an indicator. Specifically, determination can be
made using as an indicator whether or not there is a clear
difference between the amount of microbial growth in the
S(X+aS) medium and the amount of microbial growth in an
S(aS) medium (that is a control medium to which no X has
been added). This is an indicator for determining X com-
pound-dependent growth and can be an evidence to determine
that cells are the microbial cells of the present invention.

The S(X) medium and the S(X+a.S) medium are disclosed
for the first time in the present invention. There are no con-
ventional studies to search for novel microorganisms using
these kinds of medium. Examples thereof include an S(X)
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medium supplemented with a 3™ component. For example,
an S(X)Y medium supplemented with a small amount of a
yeast extract is encompassed in the present invention. Fur-
thermore, an S(-) medium and a solution of an X-containing
compound are separately prepared and then the X-containing
compound is added during use or culture. This is also encom-
passed in the present invention.

3-2. Method for Culturing Microorganism

In the present invention, strains preserved in culture col-
lection institution or laboratories, wild-type strains isolated
from nature, clinical isolates, and mutant strains obtained by
genetic recombination or a method using an artificial muta-
tion agent can be used.

The present inventor have discovered that a microorganism
can be caused to incorporate an substitute element as a con-
stitutive element of the microbial cell by a culture method that
comprises culturing the microorganism in a medium supple-
mented with a substitute compound, which is prepared by
adding a limited amount of any one element of nutrition
sources (C, N, P, and S) in the medium and adding the com-
pound (substitute compound) containing an element alterna-
tive to the element (substitute element).

Examples of the method include the following methods.
3-2-1. Method for culturing a microorganism in a medium
prepared by limiting a nutrition source of the element C, N, P,
or S (that is generally an essential element in the medium) and
then adding a compound containing an substitute element that
can be a substitute for the element (the amount of which is
limited).

3-2-2. Method for adaptation culture. Specifically, by repeti-
tion of subculture in a medium supplemented with a substi-
tute compound, the substitute element can further be effi-
ciently incorporated into a microorganism. Regarding the
appropriate adaptation culture period, in general, adaptation
culture may be carried out for a period of single subculture,
but the example thereof is not limited thereto. Adaptation
culture can be carried out at the same time as the 1% seed
culture and the 2"¢ seed culture.

3-2-3. Method that comprises subjecting cells obtained by
seed culture to starvation culture, and then culturing cells in a
medium supplemented with a substitute compound.

Starter cells are subjected in advance to starvation culture
for a predetermined period in a medium in which the nutrition
to be limited is not contained. After exhaustion of a nutrient of
C, N, P, or S source remaining within cells, the culture method
described in 3-1-3 above can be employed for culturing cells
in a medium supplemented with a substitute compound. An
appropriate starvation culture period is generally one subcul-
ture time, and appropriately ranges from several hours to 24
hours. Starvation culture may be repeated for two or more
times of subculture, when necessary. The completion of star-
vation culture can be determined by using as an indicator the
cell concentration at the initiation of starvation culture, such
as turbidity (optical density (OD)) as measured by nephelom-
etry, becomes stationary upon continuation of cultivation.
However, it is varied depending on the type of the microor-
ganism and culture conditions before starvation culture and
particularly medium composition. Upon starvation culture, a
substitute compound may or may not be added to a medium.

By doing in this manner, it is possible to cause a microor-
ganism use efficiently a substitute compound containing a
substitute element, and to grow in dose-dependent manner, so
as to be able to cause the microorganism to incorporate the
substitute element as a constitutive element of the cells.
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3-2-4. Use of mutant strain

As described above, a method for growing a microbial
strain under conditions where the amount of a C source, an N
source, a P source, or an S source is limited and a substitute
compound (X compound) is added is effective to cause the
microbial strain to be used herein to efficiently incorporate
the X compound. Limitation of the amount of an essential
nutrient source for a microorganism can also be performed by
amethod other than the changing of the medium composition.
For example, the same effect can be expected using a mutant
strain having poor or lacking capacity for allowing a C source,
an N source, a P source, or an S source to pass through cell
membrane, or a mutant strain having poor or lacking capacity
for metabolizing the C source, the N source, the P source, or
the S source. An example thereof is a mutant strain that
requires a sulfur-containing amino acid and is derived from
the Escherichia coli K-12 strain, such as the NBRC3993
strain that is in the possession of culture collection institution,
as described in Examples.

A mutant strain having enhanced microbial capacity for
incorporating an X-containing compound, such as a mutant
strain prepared by extracting a receptor for an X-containing
compound from cells of a different species and then incorpo-
rating it by a recombination technique, a mutant strain exhib-
iting enhanced receptor protein expression, and the like, can
also be used herein. Moreover, a mutant strain having
increased usability for X can also be used herein.

Also, such a mutant strain can also be used in combination
with the above culture method.

4. Presumed Mechanism of Starvation Culture to Accelerate
Incorporation of Substitute Compound

A mechanism for accelerating the use of a substitute com-
pound in strains obtained by starvation culture or metabo-
lism-deficient mutant strains, which is presumed from litera-
ture, are as follows.

Inthe incorporation of a substitute compound a mechanism
involving a receptor protein is thought to function. It is known
that when cells are starved because of the shortage of any one
of nutrition sources (C source, N source, P source, and S
source), the expression of a protein involved in the incorpo-
ration system is enhanced. When Escherichia coli or the like
is deficient in an N source, the expression of the gene of
transporter protein (referred to as “transporter”) for an NH,
and a nitric acid groups, and of glutamine synthase for assimi-
lation the incorporated N source compound is enhanced.
When a substitute compound is incorporated via the incorpo-
ration system like the above, it can be understood that accel-
erated incorporation by N starvation culture is achieved by the
above mechanism.

5. Microbial Cells

Cells obtained by the method of the present invention con-
tain an substitute element as a constitutive element.

An substitute element can be introduced into Escherichia
coli using a medium prepared by deletion or limitation of the
amount of'a C source, an N source, a P source, or an S source.
This can be similarly carried out for other bacteria, fungi, and
basidiomycetes. Moreover, through application of gene
recombination techniques, the incorporating capacity of a
receptor can be enhanced, lowered, changed, or deleted.

It is believed that a substitute compound added to a
medium is incorporated into cells, and then used as an essen-
tial element to constitute a cell structure material. It is con-
sidered that a substitute compound is incorporated by behav-
ior similar to that for an essential element.

When a substitute compound is used as a C source substi-
tute, the Si element content in cells is 50 ppm or higher. When
a substitute compound is used as a N source, a P source, or an
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S source substitute, the Si element content in cells is 5 ppm or
higher. Meanwhile, also in published literature, an example of
the elemental composition of cells are: Si40 ppm, Sn, Mo, B,
orVis 1 ppm or less (E. Ochiai “Bioinorganic Chemistry, An
Introduction” Allyn and Bacon, Inc. 1977). Specifically, these
contents are higher in the cells of the present invention.

The amount of microbial growth increases in a dose-de-
pendent manner compared with a control to which no substi-
tute compound has been added. The thus incorporated Si is
distributed in sites containing cell wall fractions and protein
fractions.

When cells obtained in the present invention are subcul-
tured for five times or more, they maintain basically the same
properties. On the other hand, it has not been revealed if
microbial cells to which harmful substances (e.g., Cd, Pb, and
Cr) have been adsorbed can maintain the same properties
even after subculture.

The microbial cells of the present invention can be
groupfied into a strain differing from the original strain, when
classified based on chemical classification. The microbial
cells of the present invention grown using an Si-containing
compound differed from the original strain in the following
points.

Size changes were observed under a microscope.

The microbial cells contained a non-essential element, the
presence of which within microbial cells was observed
for the first time.

Immune response of the in cell wall fractions changed.

It was suggested that the microbial cells contain amino
acids differing from the 20 types of amino acid. This
may be due to the incorporated elements binding to
known amino acids.

The actinomycetes of the present invention produced an
antibiotics. The structure thereof is expected to differ
from the antibiotics to be produced by the original strain.

6. Growth in Medium Supplemented with Substitute Com-
pound and Verification of Incorporation of Substitute Ele-
ment by Microorganism

6-1. Growth Analysis

A method for analyzing the microorganisms of the present
invention is as explained below.

The amount of microbial growth to be used in the present
invention can be measured by a conventional microbiological
method. Specific examples thereof include turbidometry, an
MTT method, a method for determining dry cell weights, and
a colony counting method. The present inventors often used
turbidometry for quantitying Escherichia coli growth.

Bacterial cells are generally suspended uniformly, and thus
turbidometry can be applied. However, filamentous fungi or
actinomycetes often grow while forming pills with a diameter
of 1-5 mm during liquid culture without being uniformly
suspended. Turbidometry cannot be used in this case, but the
MTT method or the like can be used instead of turbidometry.
6-2. Verification of Incorporation of an Substitute Element as
an Essential Element into Cells

According to a theory of bioinorganic chemistry, when the
amount of microbial growth in the S(X+a.S) medium is higher
than that in a control S(aS) medium to which no X-containing
compound has been added, this is considered as growth
depending on the X-containing compound. If the growth is
dependent on the dose of an X-containing compound, X
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compound-dependent growth is confirmed. In this case, it is
considered that the X element of the X-containing compound
is chemically converted along the metabolic flow to result in
a necessary substance. Specifically, in this case, the X ele-
ment is likely to function as an essential element.

Accordingly, in the present invention, when a microorgan-
ism grows in a dose (substitute element (X-containing com-
pound))-dependent manner, it is concluded that the substitute
element is essential for the microorganism.

In the present invention, to confirm X-containing com-
pound-dependent growth, for example, when S was limited, a
difference between the amount of microbial growth in the
S(X+aS) medium and the same in the control S(aS) medium
(to which nothing of X-containing compound had been
added) was measured. When a C source, an N source, or a P
source is limited, such a difference can be similarly measured
using the C source, the N source, or the P source instead of the
above S source.

6-2-1. Elementary Analysis

It is an important object of the present invention to verify
elements contained in microbial cells. The following methods
can be used therefor. When a positive result can be obtained
by the analysis method exemplified below, this indicates not
only the fact that the element is contained, but also a possi-
bility such that Escherichia coli grew depending on an X
compound containing element X, such as an Si-containing
compound, or E. coli grew using Si as an essential element.

All elements contained in cells can be analyzed by Induc-
tively Combined Plasma Ion Trapping Mass Spectrometry
(that is, ICP-MS method) or ion pair chromatography, for
example. For analysis of specific elements, photoelectric
colorimetry or the like, by which elements can be selectively
detected and quantified, can be used.

6-2-2. Elementary Analysis of Cells
(Whole Cell Analysis)

Cells obtained by growing Escherichia coli in the presence
of an X compound containing element X such as a Si-con-
taining compound are washed and inactivated. Cells of infec-
tious microbial strains such as Escherichia coli are inacti-
vated before measurement. Heat treatment, sterilization using
formalin or beta-Propiolactone, or the like can be used for
inactivation.

Subsequently, elements in all cells are analyzed by an
ICP-MS method, ion pair chromatography, or another instru-
mental analysis method. As control cells, Escherichia coli
cells grown in the absence of an X element compound are
similarly treated and then the results are compared.
(Analysis of Elements in Microbial Fractions)

Elements can be analyzed using Escherichia coli cell frac-
tions instead of all cells. Escherichia coli cells are subjected
to an ultrasonic disintegrator or a French press for cell dis-
ruption. Disrupted cells are centrifuged, a precipitate portion
(containing cell walls) or a soluble supernatant portion (con-
taining proteins) is subjected to elementary analysis. Thus,
the presence or the absence of the element X in this fraction
can be verified.

(Analysis of Binding and Non-Binding Elements)

Microbial cells obtained by culture in test media are dia-
lyzed against water under low-temperature conditions. Free
compounds within cells are diffused for removal, and then
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elements within cells are analyzed. The thus detected ele-
ments are considered as binding elements existing within
cells.

Cells treated with acetone can be used for the same pur-
pose. Lipids in cell surface layers are eluted by treatment of
cells with acetone, so that free compounds existing within
cells can be easily diffused out of cell walls. When cells
treated with acetone are left to stand in water-containing
acetone overnight, only the bound form from among X com-
pounds incorporated into cells remain within cells. The bind-
ing substances are then detected.

6-2-3. Amino Acid Analysis Method

Whether or not element X is incorporated into a protein
fraction can be verified by hydrolyzing the protein under
acidic conditions and then conducting amino acid analysis.
The number of types of amino acid constituting a protein is
known to be 20. Hence, when peaks indicating those other
than the 20 types are observed, substances of the new peak
included therein may be subjected to further analysis in detail.

EXAMPLES

The following test examples and media to be used in
Examples and preparation procedures are as shown in Tables
below.

TABLE 1-1
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A method for preparing media of the present invention is as
explained in Section 3-1. Nutrient-deleted media, nutrient-
limited media, and media supplemented with substitute com-
pounds are used herein. Preparation of nutrient (S source)-
deleted media, nutrient (S source)-limited media, and media
supplemented with substitute compounds for an S source are
specifically explained herein as examples.

First, an S(-) medium that is A. a minimal essential
medium is prepared. The S(-) medium denotes a medium not
supplemented with a compound as an S source. The medium
composition is as described in Table of medium (Table 1-1)
showing medium composition. Microorganisms are substan-
tially unable to grow in this medium. Oleic acid (abbreviated
as “f”), amino acid (including 2 types of mixture, “a” and
“aa”, are available), and glutamic acid Na to be added as a
buffering agent to an S-series of medium are added to the S(-)
medium. Thus, S (-)fa that is a B. nutrient-deleted medium is
prepared. This medium is used for S source starvation culture.
Next, a limited amount of an S source and yeast extract
(abbreviated as “Y™) are added to the S (-) fa medium, so that

20 S (aoS)Yfa medium, that is a nutrient-limited medium, is

prepared. Finally, an X-containing compound comprised of
element X to be incorporated is added, so that D. medium S
(aS+X)Yfa supplemented with a substitute compound is pre-
pared. P source- or C source-series of nutrient-deleted media,

25 nutrient-limited media, and media supplemented with substi-

tute compounds are prepared by similar procedures.

Medium composition Example 1. Preparation of minimal essential medium (MEM)

AMEM Ingredient S(-) medium P(-) medium N(-) medium C(-) medium
C source Glucose (g/L) 10 10 10 (=)
Glycerin I 5 5 5 (=)
N source NH4CL 1 1 =) 1
Urea 0.1 0.1 =) 0.1
P source Potassium phosphate 2 (=) 2 2
S source Na2S04 (=) 0.2 0.2 0.2
Salts NaCl 1.5 1.5 1.5 1.5
KcCl 0.1 0.1 0.1 0.1
Metal ions (mg/L) Mg2+ (150), Ca2+ (10), Fe2+ (10), Zn2+ (10), Mn2+ (10),
Cu2+ (3), Co2+ (3), Ni2+ (3), Mo2+ (3), W2+ (3)
Redistilled water pH pH 6.5 pH 6.5 pH 6.5 pH 6.5
TABLE 1-2

Medium composition Example 2. Preparation of medium supplemented with substitute compound

A. Minimal essential medium S(-) medium  P(-) medium N(-) medium  C(-) medium

Additive (g/L) () Oleic acid (k) 2ketoglutaric
Na 0.1 acid
Na 0.1
Amino acid (a) + (aa) (g/L) (a)4+(aa)0.8 (a)2+ (aa)0.8 (=) =)
Buffering agent (g/L) Glutamic acid  Glutamic acid Potassium Potassium
Na 8 Nag phosphate, phosphate,
8 8
B. Nutrient-deficient medium S(-)fa P(-)a N(-)k C2(-)
a + yeast extract (Y) added aS+(Y)0.1 aP +(Y)0.1 aN+(Y)0.05 aC+(Y)0.5
(g)
C. Nutrient-limited medium S(aS)Yfa P (aP)Ya N (aN)Yk C(aC)Y
Substitute compound added X X X X
D. medium supplemented S(aS+X)Yfa P(aP+X)Ya N(@N+X)Yk CaC+X)Y

with substitute compound

Amino acid (a): Gln (L-glutamine) + Asn (L-asparagine) + Lys*HCI (L-lysine) + Arg*HCL (L-arginine) (1 g/L each)
Amino acid (aa): 20 types of L-amino acid. However, S(-)Yfa medium was not supplemented with sulfur-containing amino acids
(Met (L-methionine) and CysH (L-cysteine)).
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Furthermore, abbreviations and compounds corresponding
thereto used in the following test examples and Examples are
as listed in Table 2 below.

TABLE 2

Names of compounds and abbreviations (1)

Symbol
of element- Abbreviation
Group * Name of
period  of element compound Japanese name of compound English name of compound
3%6 La, Lanthanum  hla KEILTL 5 (KM ) Lanthanum (IIT) hydroxide,
anhydrous
La, Lanthamum  plLa SuB AT BREUR Lanthanum (I1I) isopropoxide
3%6 Ce, Cerium hCe K U™ L Cerium (IIT) hydroxide
3%6 Nd, Neodymium  hNd KEALAA DL Neodymium (Ill) hydroxide
Nd, Neodymium  pNd FFTLAYTE REVF Neodymium (I1T)
isopropoxide
3*6 Eu, Europium acEu 2-AFYLTPE FILTER—k Europium (IIT)
acetylacetonate
3*6 Tb, Terbium acTb FIEDLTEF LFPEA—F Terbium (III) acetylacetonate
3%6 Er, Erbium pEr TNEILAY Tageor Erbium isopropoxide
4*4 Titanium eTi FETIEUE Titanium (IV) ethoxide
5%4 V, Vanadium v FnriFos BFIOL Sodium orthovanadate
5%5 Nb, Niobium eNb ThELRAED Ly Pentaethoxyneobium
6*5 Mo, Molybdenum Mo TUTTURSE UOL Sodium molybdate
7Mo TUTTLRTL E=VL Ammonium
(hepta)molybdate
tetrahydrare
6*6 W, Tungsten w SUTRTBDF PITL Sodium tungstate
12W SLTRTLHT oRZVLEK Ammonium tungstate
it | pentahydrate

Abbreviations for compounds are as described in Tables or
graphs in Examples. Table 2 clearly shows the meanings of

the abbreviations.

TABLE 3

20

Names of compounds and abbreviations (2)

Symbol
of element- Abbreviation
Group * Name of
period  of element compound Japanese name of compound English name of compound
13*2 B, Boron B B Boric acid
BB e (RHoBFrIDL) Borax or sodium borate
mB SARFLRYE Trimethoxyborane
14*2  C, Carbon
14*3  Si, Silicon CaSi PRpERL VAL C i) Calcium silicate
dsi A M A (KE) Sodium disilicate
mSi Pt v WEFFN sodium metasilicate
wSi S AEFRY Y LBE Sodium silicate solution
Si. Silicon pSi MY FOE) LA Tetraisopropyl silicate
ESPA HR)ZRERL LY MFAELT 2 3-aminopropyltriethoxysilane
emSi DI TAF LS Diethoxydimethylsilane
mmSi AFIWRY AL L5 Methyltrimethoxysilane
eSi EIFILTAH Tetraethyl silicate
14*4  Ge, Germanium eGe FISIhHY SAT=OA Tetraethoxygermane
14*5  Sn, Tin kSn RXBAYY L Potassium stannate
15*2 N, Nitrogen
15*3 P, Phosphorus
15*4  As, Arsenic As EEFRUSL Sodium arsenate
15*5  Sb, Antimony  Sb AFHEFORY PLFEUVER Potassium hexahydroxo-
AL antimonate
16*2  O,Oxygen
16*3 S, Sulfur S KRBT oL Sodium sulfate, anhydrous
SS —ERBAYY LUkiom) Potassium disulfate, hydrate
16 *4  Se, Selenium Se CLLBFR L Sodium selenate
16*5  Te, Tellurium  Te FIAEFE UL Sodium tellurate

Table 3 is a continuation from Table 2.
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Test Example 1

The growth characteristics of an Escherichia coli mutant
strain, E. coli K-12 (NBRC3993), were examined.

GY medium (a nutrient-rich medium) and S(-)fa medium
(an S source-deleted medium) were used. The medium com-
position is as described in the next section.

In a test tube (denoted as “TT”; size 2.6x18 cm¢) contain-
ing 10 mL of a medium prepared by adding an S-containing
compound to an S(-)fa medium, NBRC3993 was cultured
shaking at 37° C. for 1 day. Subsequently, the amount of
growth was measured by turbidometry. The results are shown
in Table 4.

TABLE 4

Additive (mg/mL)
for S(-) fa medium

Amount of E. coli KI2NBRC3993 growth
OD660 x 10 d (cultured for 1 day)

No addition (-) 0.050
Sodium sulfate (0.2) 0.144
L-cysteine (0.05) 0.240
L-cysteine (0.05) + 0.440
L-methionine (0.05)

Yeast extract (2.0) 0.252

Itis understood from the results in Table 4 that NBRC3993
is a strain requiring cysteine and/or methionine.

It was revealed that, in an attempt to incorporate X com-
pound under limitation of S source, the X compound was
incorporated more efficiently in strain NBRC3993 than in the
parent strain E. coli K-12. This is described in Examples.

Example 1

The growth of bacteria and fungi (3 strains) was examined
when cultured in C(aC+X) media each prepared by adding a
limited amount of a C source (denoted as “aC”) and an
organic silicon compound as a C source substitute compound
(denoted as “X”) to a C source-deleted medium (C(-)
medium).

(Method)

The following 3 strains were used. C source starved culture
cells of each strain were used as starter cells.

Strain 1: E. coli K12 NBRC3301 (left 3 in FIG. 1),
Strain 2: B. subtilis (former natto) NBRC13169 (middle 3 of

FIG. 1),

Strain 3: Saccharomyces cerevisiae NBRC0268 (right 2 in

FIG. 1).

Medium: A C source-deleted medium (C(-) medium) was
used for C source starvation culture. A C (aC+X)Y
medium prepared by adding a limited amount of a C
source (aC), an X-containing compound, and a yeast
extract (Y) to a C(-) medium was used for a growth test.
As such alimited amount of the C source (aC), a mixture
of a yeast extract (Y) (0.5 mg/mL) together with
glutamic acid Na (denoted as “glu” in Table (1 mg/mL.)),
lactate Na (denoted as “lac” in Table (0.5 mg/mlL.)), or
glucose (denoted as “gle” in Table (0.5 mg/mL)) was
used. As a buffering agent, a phosphate buffer
(KH,PO,—K,HPO,, pH 6.4) (8 mg/mL.) was added.

C source substitute compound (X): eSi (tetraethyl silicate)
and emSi (diethoxydimethylsilane) were used. The amounts
thereof added are as shown in FIG. 1.

Culture Conditions: 10 mI/TT, 33° C., 160 rpm

Seed culture, starvation culture following thereto, growth
test culture and others the like were carried out as described
below.
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Starter cells were cultured in GY medium (glucose (10),
peptone (10), yeast extract (5), NaCl;, monosodium
glutamate (2), pH 7) at 33° C. overnight (for one day and one
night), and then cells were collected by centrifugation. Cells
were washed twice by centrifugation in a phosphate buffered
washing solution. While the cell concentration was adjusted
to OD at 660 nm of about 5, washed cells were suspended
again in a C(-) medium. The resultant suspension was shaken
at 30° C. (that is, in C starvation culture conditions). The
suspension with ODS5 was used as starter cells, and inoculated
at 5-7% (v/v) to the medium for test, and then the resultant
was subjected to shaking culture at 33° C. and 160 rpm. A
small amount of the resultant was collected on day 2 (d2) and
then diluted 10-fold with water. The OD of the thus obtained
solution was measured at 660 nm, so as to estimate the
amount of growth.

(Result)

Theresults are shown in FIG. 1. The amount of growth (OD
value) of strain £. coli K12 increased compared with that of
the control (no C source substitute compound was added)
when a silane had been added as a C source substitute com-
pound in the presence of a limited amount of the C source. It
was predicted that the silicon compound used herein would
lead to the generation of silicate and ethanol in a culture
solution. Hence, ethanol was added in an amount equimolar
to that of an ethyl group in emSi for comparison. As a result,
the OD was found to be lower than that of emSi. Therefore, it
was considered that strain . co/i K12 grew with the use of Si
in emSi. A similar tendency was also observed for other 2
strains.

Example 2

A C source-limited medium (C(aC) medium) was pre-
pared by adding a limited amount of lactate Na as C source
(denoted as “aC”) to a C source-deleted C (-) medium.
Escherichia coli growth was then examined using a C(aC+X)
medium prepared by adding a methyl group-containing
organic silicon compound mmSi (methyltrimethoxysilane
(see Tables 2 and 3 for abbreviations for the compound)) to
the C(aC) medium as a C source substitute compound; that is,
an X-containing compound. Moreover, the effects resulting
from adaptation culture were examined (specifically, after
completion of the 1st (T1) culture, 2nd subculture (T2) was
started in a medium of the same composition).

(Method)

C source-starved culture cells of £. coli K12 were used.
Strain 1: E. coli K12 NBRC3301,

Medium: A C (aC+X)Y medium was used.
Limited amount of C source (aC): lactate Na (denoted as

“lac” in Figures (2 mg/mL.))+yeast extract (Y) 0.5 mg/mL..

C source substitute compound: X: mmSi (methyltrimethox-
ysilane). The amounts of the compounds added are shown in
FIG. 2.
Culture conditions: 100 mL/Erlenmeyer flask; 33° C.; and
130 rpm. At the time of completion of the 1st culture of, a
portion of the culture fluid was pipetted off. Cells were
washed by centrifugation and then seeded in a medium of'the
same composition. The OD value at the initiation of the
subculture was adjusted to be close to the initial OD value of
the 1st culture generation.

(Results)

The results are shown in FIG. 2. In a manner similar to that
in Example 1, E. coli K12 starter cells were grown in a GY
medium, cells were washed, and then subjected to C source
starvation culture. The resulting cells were seeded as starter
cells in a medium. On day 2, the 1st culture (denoted as
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“T1d2” in FIG. 2) cells were washed and then the cells were
seeded as starter cells in a medium of the same composition
for 2nd subculture for adaptation. On day 2 of the 2nd sub-
culture (T2d2), the growth was measured.

The OD value of E. coli K12 increased when mmSi was
added as a C source substitute compound, compared with the
control (containing only a limited amount of the C source) to
which no Si compound was added. Increases in OD value
were in a dose-dependent manner. A tendency was observed
such that the amount of growth in the 2nd subculture was
higher than that of the 1st subculture. Itis predicted that mmSi
(silicon compound used herein) could generate silicate and
methanol in the culture fluid. It is not known that E. coli is
capable of using methanol. Actually, E. co/i did not grow on
mmSi alone (rightmost in FIG. 2) under the conditions
employed herein. Therefore, it is considered that increases in
OD value were the results of its use of the Si portion in mmSi.
Theresultalso indicates that even if there is a slight difference
in OD value between of the 1st subculture and the control (to
which no Si compound had been added), the difference in OD
value between the control and of the 2nd subculture (or later)
can become larger than the aforementioned difference.

Example 3

The results of measuring the amounts of growth in media
containing silicon compounds used therein by colony count-
ing method are described.

(Method)

The following 3 strains were used. C source starved culture
cells of each strain were used as starter cells.

Strain 1: E. coli K12 NBRC3301,
Strain 2: B. subtilis (former natto) NBRC13169,
Strain 3: Corynebacterium glutamicum NBRC12168.

Medium: A C source-deleted medium (C(-) medium), a C
source-limited medium, and a medium supplemented with a
substitute compound (C (aC+X)Y medium) were used. A
limited amount of lactate Na (described as “lac” in Figures”
(2 mg/mL)) or glucose (described as “glc” in Figures. (2
mg/mL)) was added as a C source (aC) to a medium. In
addition, a yeast extract (Y) was added at 0.5 mg/mL to each
medium. In addition, strain 3 (Corynebacterium glutamicum
NBRC12168) is a strain requiring biotin. Hence, biotin (5-10
mg/L.) was added to a medium. C source substitute com-
pound: R—Si: CaSi (calcium silicate), emSi (diethoxydim-
ethylsilane), or borax (BB).

A phosphate buffer (KH, PO,—K, HPO,, pH 6.4) (8
mg/ml) was added as a buffering agent.

Culture Conditions: 10 mI/TT, 33° C., 160 rpm

Test strains were subjected to seed culture and starvation
culture in a manner similar to Example 1 and then used. The
amount of growth was determined by measuring optical den-
sity (OD) at 660 nm or by counting the number of colonies.
CaSi is insoluble in water and causes white turbidity in a
medium when added at 10 mg/ml to a medium. Accordingly,
the result obtained by colony counting is more reliable. The
colony method is carried out by seeding a diluent obtained by
10-fold serial dilution of a culture solution to a GY agar
medium, keeping the temperature at 35° C. for 2 days, and
then counting the number of colonies. On the other hand, BB
used in parallel for the test was soluble in water. Hence, the
growth in a culture broth solution was determined by mea-
suring the OD value.

10

15

20

25

30

35

40

45

50

55

60

65

24
TABLE 5
Strain to Colony count (d5) x  OD 660 nm
be tested ClaC+Y+X) 10exp(7) (d5)
E. coliX12 Gle (2) + none 37
NBRC3301 Gle (2) + CaSi(10) 240
Lac (2) + none 74
Lac (2) + CaSi(10) 200
Lac (2) + none 1.29
Lac (2) + BB (10) 1.59
B. subtilis Lac (2) + none 32
NBRC13169  Lac (2) + CaSi(10) 186
B. subtilis Gle(1) + Yex (0.5) +
NBRC13719  nome + 1.23
(EtO)Me2Si + 6.69
CaSi 3.67
C. glutamicum  Glc (2) + none 115
NBRC12168  Gle (2) + CaSi(10) 525

(Results)

The results are shown in Table 5. The colony count and the
OD value of E. coli K12 in a medium supplemented with CaSi
or BB as a C source substitute compound increased than the
same of F. coli K12 in comparison with that in a medium
supplemented with only a limited amount of the C source. A
similar tendency was observed with strains of the genus
Bacillus or the genus Corynebacterium.

Example 4

The results of measuring the Si contents in cells of 3 strains
(bacteria and fungi) that grew using Si compounds were
analyzed. The results are shown herein.

Strains used: Washed cells of the following 3 strains were
used.

E. coli K12 NBRC 3301,

B. subtilis Marburg NBRC13719,

S. cerevisiae NBRC0268.

Medium: A medium supplemented with a C source substitute
compound (C (aC+X)Y) was used, where Y indicates a yeast
extract (1 mg/ml.) added.

Limited amount of C source: aC=lactate Na (denoted as “lac”
in Figures. (1 or 3 mg/mL)). As C source substitute com-
pounds, emSi (diethoxydimethylsilane) and mmSi (methylt-
rimethoxysilane) were used.

Strains to be used herein were subjected to seed culture in
GY medium in a manner similar to that in Example 1. Cells
were collected by centrifugation, suspended in a phosphate
buffered washing solution, and then washed twice by cen-
trifugation. The suspension of thus washed cells was used to
seed at 5% (v/v) into a medium. Medium of 120 mL was
added to a 500-mL square flask (Nalgene). Flasks were
shaken and then cultured at 35° C. and 130 rpm. After 22
hours, the culture was finished, and OD and pH were mea-
sured.

Cells were collected by centrifugation from about 100 mL
of'the culture fluid, and then washed 3 times by centrifugation
in a phosphate buffered washing solution. 3 mL. of acetone
was added to the precipitate, the resultant was stirred, and
then it was stored in a cold place overnight (for one day and
one night). This was repeated once again.

Afterthe 2nd treatment with acetone, acetone was removed
by air drying and then by keeping stand at 30° C. for drying.
Thus, acetone-treated dried cells were obtained.
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The content of the Si element in acetone-treated cells was
measured by ICP/MS (Inductively Combined Plasma Ion
Trapping Mass Spectrometry). According to a conventional
method for ICP/MS, cells were heated in nitric acid for deg-
radation, and then filled up with water to a presice volume of
15 mL. The solution was used as the material to be subjected
to measurement by ICP/MS. The Si content (ng) per mg
(weight) of acetone-treated cells was calculated from the thus
obtained result.

TABLE 6

5
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limited amounts of N sources (denoted as “ctN”’) and N source
substitute compounds (denoted as “X’’) was examined.
(Method)
E. coli K12 NBRC3301 was used. N source starved cells
were used as starter cells.

An N source-deleted medium (N(-) medium) was used for
N source starvation culture. N(aN+X)Yk medium was used
for a growth test. As limited amounts of the N sources (aN),

D10OD

DIACW

Si content (ng/mg)

Strain Medium ingredient 660nm D 1pH mg/100 mL in acetone cell
1E. coli K12 lac1 +emSi 5 1.79 6.47 203 96
2 B. subtilis Marburg  lac3 +Glc 5 3.48 5.36 796 74
3 B. subtilis Marburg  lac 1 +emSi 5 2.48 6.6 289 126
4 B. subtilis Marburg  lac 3 + mmSi 5 2 6.66 309 126
5 S. cerevisiae lac 3 + Gle 5 5.55 595 739 56
6 S. cerevisiae lac 3 + mmSi 5 3.14 6.73 274 142

The results are shown in Table 6. The Si content in acetone-
treated cells of B. subtilis grown in the presence of the Si
compound under the conditions of the present invention was
found to be 120 ppm or higher (test Nos. 3 and 4). On the other
hand, the Si content in control cells (test No. 2) grown with
glucose was 80 ppm or lower. The similar tendency was
observed for yeast S. cerevisiae.

Example 5

Escherichia coli (washed cells) growth in a medium
supplemented with an N source substitute compound (that is,
N (aN+X) medium) prepared by adding a limited amount of
an N source (denoted as “aN”) and the N source substitute
compound (denoted as “X”) to an N source-deleted medium
N (-)) was examined.

(Method)

Washed cells of E. coli K12 NBRC3301 were used as
starter cells.

Medium: N (aN+X)Yk medium was used in growth test.
Herein, the following substances were added to an N source-
deficient N(-) medium. A limited amount of yeast extract (Y)
(0.2 mg/mL) as an N source (aN), the N source substitute
compound(X) (0.8 mg/ml.), and 2 ketoglutaric acid (k) (0.1
mg/mL) were added.

Culture conditions: Cells were cultured in 10 mL/TT, 35° C.,
and 130 rpm. The OD value on day 2 (d2) and on day 4 (d4)
were measured. However, a black precipitate was generated
on day 4 in a culture fluid with Te (sodium tellurate) so that
OD could not be measured.

(Results)

The results are shown in FIG. 3. The amount (OD value) of
the growth of E. coli K12 increased when a compound con-
taining Si or the like had been added as N source substitute
compound in the presence of a limited amount of N source,
compared with the control to which no N substitute com-
pound was added. However, the degree of the increase was
small.

Example 6

In a manner similar to that in Example 5, growth of
Escherichia coli (N source starved cells) in media containing
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glutamine (0.05 mg/ml.), yeast extract (Y) (0.1 mg/mL), and
2ketoglutaric acid (k) (0.1 mg/ml.) were used.

Culture conditions: Cells were cultured in 10 mL/TT, 35° C.,
and 130 rpm. The OD value on day 2 (d2) and the same on day
4 (d4) were measured.

(Results)

The results are shown in FIG. 4. E. coli K12 growth (OD
value) increased when an organic or inorganic compound
containing Nb, B, Si, or Sn as an N source substitute com-
pound had been added in the presence of a limited amount of
N source compared with the control to which no N substitute
compound was added. The types of N source substitute com-
pound and growth increase tended to be noticed more than
that in Example 5.

Example 7

In a manner similar to that in Example 6, E. coli K12
NBRC3301 was cultured. The amount of growth was mea-
sured by a colony counting method.

(Method)

Cultivation was conducted in a manner similar to that in
Example 6. Some of N source substitute compounds were
water-insoluble. Measurement was also carried out by colony
counting method that could give most reliable results under
the conditions employed. The colony counting method was
conducted by seeding with 10-fold serial dilutions of culture
fluid on GY agar medium, incubated at 35° C. for 2 days, and
then counting the number of colonies.

(Results)

The results are shown in FIG. 5. Escherichia coli colony
counts increased when an organic or inorganic compound
containing niobium, silicon, tin, or the like were added to
medium as N source substitute compound compared the con-
trol culture to which no N source substitute compound was
added. Furthermore, Escherichia coli growth increased in a
dose-dependent manner when a silicon or tin compound had
been added as an N source substitute compound.

Example 8
In a manner similar to that in Example 6, B. subtilis Mar-

burg NBRC13719 was cultured. N source starved culture
cells were used as starter cells.
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(Results)

The OD values on day 2 of culture (D2) and on day 6 of
culture (D6) are shown in FIG. 6. The growth of the B. subtilis
Marburg strain increased when an organic or inorganic com-
pound containing Ti, Nb, Si, Sn, or the like was added as an N
source substitute compound, compared with the control cul-
ture to which no N substitute was added.

Example 9

Escherichia coli growth in a medium supplemented with a
P source substitute compound (that is, the P (aP+X) medium)
prepared by adding a limited amount of a P source (denoted as
“aP”) and a P source substitute compound (denoted as “X”)
to a P source-deleted medium (P(-) medium) was examined.

(Method)

E. coli K12 NBRC3301 was used. P source starved culture
cells were used as starter cells.

Medium: P source-deleted medium (P(-) medium) was used
for P source starvation culture. P (aP+X)AA medium pre-
pared by adding aP+X to a P(-) medium was used for a
growth test. Here, a limited amount of KH,PO, (0.002
mg/mL) as the P source (aP) and a compound (0.5 mg/mL) as
a P source substitute compound (X) as shown in Figures were
added to the medium and then cells were cultured. Moreover,
a mixture of 20 kind of amino acid (AA, 2.8 mg/ml.) and a
buffering agent, glutamate Na (8 mg/ml.), were added to the
media used for growth test.

Culture Conditions: 10 mI/TT, 33° C., 160 rpm

Microorganisms to be used herein were subjected to seed
culture, starvation culture following thereto, growth test cul-
ture, and the like as described below.

Starter cells were cultured in GY medium at 33° C. over-
night (for one day and one night), and then collected by
centrifugation. Cells were washed twice by centrifugation in
a glutamate buffered washing solution. While the concentra-
tion of the cells was adjusted to OD at 660 nm of about 5,
washed cells were suspended again in a P(-) medium. The
resultant was shaken at 30° C. (that is, in P source starvation
culture conditions). The suspension with OD of about 5 was
used to seed at 5-7% (v/v) to a medium to be used herein,
followed by shaking at 33° C. and 140 rpm. Small quantity of
the culture fluid was withdrawn on day 2 of culture (d2) and
day 3 (d3) and then diluted 10-fold with water. The OD ofthe
diluent was measured at 660 nm, to give growth amount.

(Results)

The results are shown in FIG. 7. When P source starved
culture cells of E. coli K12 was used, the amount of growth
(OD value) increased when a compound containing B, Si, Ge,
Sn, or the like as a P source substitute compound was added
in the presence of a limited amount of a P source, compared
with control culture to which no P substitute compound was
added. When washed cells of £. coli K12 grown in GY
medium was used for comparison, the types of P source
substitute compound and the growth tended to be at lower
levels.

Example 10

In a manner similar to that in Example 9, Nocardia aster-
oides growth was examined in a medium supplemented with
alimited amount of P source (denoted as “atP””) and a P source
substitute compound (denoted as “X”).

(Method)

Nocardia asteroids NBRC15531 was used. Washed cells
were used as starter cells. Medium: A medium supplemented
with a P source substitute compound (P (aP+X)AA medium)
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was used for a growth test. Here, a limited amount of KH,PO,,
(0.02 mg/ml.) was used as a P source (aP) and a compound
(0.3 mg/ml.) shown in Figures was used as a P source substi-
tute compound (X). A mixture of 20 kind of amino acid (AA,
4.5 mg/ml) and Good’s buffering agent MOPS (10.5
mg/mL) were added to a growth test medium. Tween 20 (0.1
mg/mL) was added to all media and washing solutions.
Culture conditions: 10 mL/TT, 35° C., 140 rpm

Strains used herein were subjected to seed culture, growth
test, and the like as described below.

Starter cells were cultured in GY medium at 33° C. for 2
days and then collected by centrifugation. Cells were washed
twice by centrifugation in a MOPS buffered washing solu-
tion. The suspension with the OD of 5 was then used to seed
at 5-7% (v/v) to a medium to be used herein, followed by
culture with shaking at 33° C. and 140 rpm. A small quantity
of'the culture fluid was withdrawn on day 4 of culture (d4) and
then diluted 10 fold with water. The OD of the diluent was
measured at 660 nm to give the amount of growth.

(Results)

The results are shown in FIG. 8. The amount of the growth
(OD value) of Nocardia asteroides increased when a com-
pound containing B, Si, Sn, or the like was added as P source
substitute compound in the presence of a limited amount of a
P source, than that of the control to which no P substitute
compound was added.

Example 11

In a manner similar to that in Example 10, Nocardia aster-
oides growth was examined in time lapse manner.

(Results)

Theresults are shown in FIG. 9. The amount of growth (OD
value) of a strain of Nocardia asteroides also increased when
aGe-containing compound was added as a P source substitute
compound other than an Si compound in the presence of a
limited amount of P source.

Example 12

Escherichia coli growth was examined in an S(aS+X)Yfa
medium prepared by adding a limited amount of S source
(denoted as “aS™) and an S source substitute compound (de-
noted as “X”) to an S source-deleted medium S (-).

(Method)

E. coli K12 NBRC3301 was used. Washed cells thereof
were used as starter cells.

Medium: S(aS+X)Yfa medium that had been specifically
prepared by adding a limited amount of an S source (aS) and
an S source substitute compound (X) to S source-deleted
medium (S (-)) was used for a growth test. Here, Na,SO,
(0.01 mg/mL) as a limited amount of an S source (aS), a
compound as an S source substitute compound (X) (0.2
mg/mL) shown in Figures, and furthermore, (Y) yeast extract
(0.1), () oleic acid Na (0.1), (a) a mixture (4.8 mg/mL.) of 18
kind of amino acid excluding methionine and cysteine (sul-
fur-containing amino acids), and glutamic acid Na (6 mg/ml.)
as a buffering agent were added.

Culture Conditions: 10 mL/TT, 35° C., 130 rpm

Microorganism used herein were subjected to seed culture
and growth test, and others, as described below.

Starter cells were cultured in GY medium at 33° C. over-
night (for one day and one night) and then collected by cen-
trifugation. Cells were washed twice by centrifugationina Na
glutamate buffered washing solution. Then a suspension was
prepared so that the OD was around 5. The suspension was
used to seed at 5-7% (v/v) to a medium to be used herein,
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followed by shaking culture at 33° C. and 140 rpm. A small
quantity of the resultant was collected on day 1 (d1) and on
day 3 (d3) of culture, and then diluted 10-fold with water. The
OD thereof was measured at 660 nm so as to find the amount
of growth.

(Results)

The results are shownin FIG. 10. The growth of £. coli K12
in the presence of the S source substitute compound used
herein was almost the same as that in the control to which no
S source substitute was added substitute compound.

Example 13

An S metabolism-deficient Escherichia coli mutant was
used in an S(aS+X)fa medium prepared by adding a limited
amount of an S source (aS) and an S source substitute com-
pound (denoted as “X”’) to S source-deleted medium (S(-)) in
a manner similar to that in Example 12, and the growth
thereof was examined.

(Method)

E. coliK12 NBRC3993 (met-) was used. As shown in a test
example (Table 4), it was confirmed that the strain actively
grew in a medium supplemented with both L-cysteine and
L-methionine (0.2 mg/ml. or more in total). Washed cells
thereof were used as starter cells.

Medium: In accordance with the case in Example 12, an
S(aS+X)fa medium was used for a growth test. Specifically,
amedium prepared by adding a limited amount of an S source
(aS) and an S source substitute compound (X) to an S source-
deleted medium (S (-)) was used. Here, a limited amount of
the S source (aS) (both L-cysteine and L-methionine (0.01
mg/mL in total)), and an S source substitute compound (X)
(0.2 mg/mL.) indicated in FIG. 11, and furthermore, similarly
to the case in Example 12, (Y) yeast extract (0.1), (f) oleic
acid Na (0.1), (a) a mixture (4.8 mg/mL) of 18 kind of amino
acid excluding sulfur-containing amino acids, and glutamic
acid Na (6 mg/ml) as a buffering agent were added.
Culture Conditions: 10 mI/TT, 35° C., 130 rpm.

Test microorganism was cultured in a manner similar to that
in Example 12. The OD was measured every day and the OD
on day 2 (d2) and the OD on day 3 (d3) are shown.

(Results)

The results are shown in FIG. 11.

The amount of the growth (OD value) of an E. coli K12-
derived NBRC 3993 mutant strain requiring sulfur-contain-
ing amino acid(s) increased when a compound composed of
V, Mo, W. B, Si, Ge, Sn, As, Te, etc was added as an S source
substitute compound in the presence of a limited amount of S
source, compared with the control to which no S source
substitute was added. This result is in marked contrast to the
result in Example 12 in which the parent strain was used.
NBRC3993 is deficient in S metabolism because of mutation.
Moreover, the amount of sulfur-containing amino acid(s) to
be supplied into a medium was limited, so that the S content
within cells was decreased. The result obtained here is
believed to be due to facilitated incorporation of various
compounds containing no element S, which was produced
under such circumstances above.

Example 14

The results of testing with the use of other S source sub-
stitute compounds than those used in the test in Example 13
(FIG. 11), carried out using the Escherichia coli mutant
strain, are described.
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(Method)

The growth test was carried out in a manner similar to that
in Example 13, that is, using the same strain and test media
except that the amount of yeast extract added was 0.005
mg/mL. The results on day 1 (d1) and on day 2 of culture (d2)
are shown.

(Results)

The results are shown in FIG. 12.

The amount of the growth (OD value) of E. coli NBRC
3993 mutant increased when a compound containing an ele-
ment such as La, Nd, or Er as an S source substitute com-
pound had been added in the presence of a limited amount of
an S source, compared with that of the control to which no S
substitute had been added. B, Si-containing compounds used
as positive controls on the basis of the results in Example 13
accelerated the growth as expected.

Example 15

The relationship between the dose of Si and growth on Siof
E. coli K12 cys-/met-mutant was examined.

(Method)

E. coliK12NBRC3301 and . coli K12 NBRC3993 (met-)
were used.

Medium: In accordance with the case in Example 13, an S
(aS+X)fa medium; that is, S source-deleted medium (S(-))
supplemented with a limited amount of S source (aS), an S
source substitute compound, oleic acid (abbreviated as “f”)
and amino acid (denoted as “a”’) was used for growth test. In
the case of E. coli K12 NBRC3301 (parent strain), Na,SO,
(0.01 mg/mL) was added as a limited amount of S source
(aS). In the case of E. coli K12 NBRC3993 mutant, both
L-cysteine and L-methionine (0.02 mg/ml. in total) were
added as a limited amount of S source (S). Furthermore,
sodium silicate was added as an S source substitute com-
pound at varying concentrations.

Culture Conditions: 20 ml./Erlenmeyer flask, 35° C., 130
rpm.

(Results)

The results on day 2 of culture are shown in FIG. 13. The
amount of the growth of E. coli K12 NBRC3301 (parent
strain) did not depend on the dose of sodium silicate. On the
other hand, the amount of growth of £. co/i K12 NBRC3993
(met-) mutant depended on the dose of sodium silicate. The
results suggest that £. co/i K12 NBRC3993 (met-) mutant
incorporated silicic acid as an essential compound and then
grew under the conditions employed herein. The results are in
positive agreement with the results of Examples 12, 13, and
14.

Example 16

Escherichia coli (parent strain) was subjected to S source
starvation culture for a period of one subculture, and to sub-
culture 5 times for adaptation. Then, the strain was grown in
the presence of a limited amount of S source and an inorganic
silicon compound. The resulting cells were subjected to
elementary analysis to give cellular silicon contents.

(Method)

Strain used: E. coli K12NBRC3301 was used. S source
starved culture cells were used as starter cells.
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Medium: An S source-deleted medium (S(-)fa medium) was
used for S source starvation culture. An S(dSi)fa medium with
sodium disilicate (abbreviated as “dSi.” See Table 2 and Table
3) used therein as an S source substitute compound was used
for adaptation culture. An S source substitute compound
supplemented medium (S(aS+dSi)fa medium) prepared by
adding a limited amount of S source (.S) and a silicon com-
pound to S(-)fa medium was used for a growth test. Here,
sodium sulfate (0 or 0.02) (in mg/mL.) as a limited amount of
S source (aS), sodium disilicate (dSi, 0.4) as S source sub-
stitute compound, and in addition, oleic acid Na (0.1), a
mixture (4.8) of 18 kind of amino acid excluding methionine
and cysteine (sulfur-containing amino acids), and glutamic
acid Na (8) as buffering agent were added.

(Culture Method)
Culture and analysis were carried out as described below.
1. S Source Starvation Culture and Adaptation Culture

E. coli K12 NBRC3301 was subjected to seed culture in
GY medium. Then cells were transferred to an S(-)fa medium

5
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(Days for culture, OD 660 nm) (1) d 13, 0D 2.13,(2)d 9,
0D2.00,(3)d7,0D 1.91,(4)d3,0D 1.93,(5)d 3,0D
3.22.

Next, Table 7 shows the growth after culturing in the pres-
ence of a limited amount of S source and sodium disilicate
(dSi), and the result of measuring the silicon content. The S
content was found to be 49-67 mcg (microgram, the same
applies to the following)/ml. in the positive controls of test #1
and test #2. In test No. #3, because of the limited amount of
the S source in the medium, the S content decreased to 9.6
mcg/mL. On the other hand, the silicon content was low in #1
and #2, but increased 50-100 times in #3 and #4 wherein E.
coli grew in the presence of silicon. Changes in phosphoric
acid content were gentle.

The results suggest that when the culture method of the
present patent application is employed, the S content can be
decreased and at the same time the silicon content can be
increased within the cells of Escherichia coli K12.

TABLE 7
Test No.  Additive Days of culture Culture fluid volume S content Sicontent P content
medium (mg/mL) (pH) (mL)(OD 660 nm) (mg/L) (mg/L) (mg/L)
1.GY None d2 (pH 5.17) 170 (OD 6.0) 49 13 200
2.S(=)fa Na2804(0.2) d3 (pH 6.07) 200 (OD 4.2) 67 13 238
3.S(=)fa Na2S04(0.02)+ d3 (pH6.78) 170 (OD 6.0) 40 220 190
dsi (0.4)
4.5 (-)fa  dSi(04) d4 (pH 4.83) 190 (OD 3.0) 9.6 74 250
for S source starvation culture. Next, S-starved culture cells > Example 17

were suspended in an S (dSi)fa medium in which were not
supplemented with S source, but supplemented with dSi as a
silicon compound, and then subjected to adaptation culture in
an S(dSi)famedium (20 mL.) ina 100-mL Erlenmeyer flask at
35° C. The subculture was repeated 5 times in the adaptation
culture. Finally, cells were collected by centrifugation and
then stored in a cold place.

2. Culture for Production of Cells

Next, cells stored after adaptation culture were subjected to
seed culture for a period of 2 passages in an S(dSi)fa medium.
The cells were seeded in 120 mL of an S(aS+dSi)fa medium
in a 500-mL plastic square flask at 35° C. for 2 to 4 days.

After finishing of the culture, cells were collected by cen-
trifugation, washed with a sodium glutamate bufter, and then
concentrated to about 10 mL. The concentrate was kept at
60-65° C. for 30 minutes so as to inactivate Escherichia coli
cells. The resultant was stored in a cool place.

3. Elementary Analysis of Cells

Elementary analysis was conducted for cells by the ICP-
MS method (Inductively Combined Plasma Ion Trapping
Mass Spectrometry). Each sample of cells was subjected to
decomposition with nitric acid, and then adjusted to a con-
stant volume of 60 mL. Portions thereof were applied to
instruments for elementary analysis. After analysis, each
result was shown with conversion into the concentration in
the original culture fluid.

(Results)

First, as a result of adaptation culture in S(dSi)fa medium,
the OD values of the 1st to the 5th subculture at the end of
each culture are as follows. Each result is a mean value of the
OD values of 2 to 3 culture flasks. The OD value at the
initiation of culture ranged from 0.4 to 0.5.
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The result of adaptation culture of a Nocardia strain is as
described below.

A strain of the genus Nocardia was grown in an S source-
deleted medium (S (-) medium) supplemented with a limited
amount of an S source (aS) and an S source substitute com-
pound (X). Subsequently, cells were subcultured in a medium
of'the same composition so as to continue adaptation culture.

(Method)

The strain used herein was N. asteroides NBRC15531.

After seed culture, cells were suspended in an S(-)fa medium
for S-starvation culture. The resulting cells were used as
starter cells.
Medium and culture conditions: Seed culture media, growth
media, and the like were each supplemented with tween20
surfactant (0.1 mg/mL). The other conditions were the same
as those in Example 13. The Nocardia strain was cultured
with shaking. After the culture, adaptation culture was
repeated 3 times, in which cells were subcultured in a medium
of the same composition. The result of growth on day 6
(T1d6) of the 1st adaptation culture, on day 6 (T2d6) of the
2nd adaptation culture, and on day 8 (T3d8) of the 3rd adap-
tation culture were shown. Here, in the case of “none” and in
the case of “S,” measurement on the 2nd and the 3rd adapta-
tion culture were not carried out.

(Results)

The results are shown in FIG. 14. The OD value of a strain
of N asteroides NBRC15531 increased when a compound
containing W, Si, or others as an S source substitute com-
pound had been added, compared with the control to which no
S substitute was added. The OD value tended to be higher in
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the 3rd subculture than that in the 1st subculture. The results
also indicate that even if there is a slight difference in OD
value between the 1st subculture and the control (to which no
Si compound had been added), the difference in OD value
between the 2nd subculturen (or later) and the control can
become larger than the aforementioned difference.

Example 18

The growth of yeast was examined when the yeast was
grown in an S source-deleted medium (S (-) medium)supple-
mented with a limited amount of an S source (aS) and an S
source substitute compound (X), and then repeatedly subcul-
tured in a medium of the same composition.

(Method)

The strain used herein was R pastoris NBRC10777.
Washed cells were used as starter cells. This strain requires
biotin. Hence, biotin was added to GY medium for seed
culture and to test culture media.

Medium: An S(aS+X)bfa medium; that is, an S source-de-
leted medium (S(-)fa medium) supplemented with a limited
amount of an S source (aS) and an S source substitute com-
pound (X) was used for a growth test. Here, a limited amount
of' S source (aS) (mg/ml.) (potassium disulfate (0.002)), and
the S source substitute compound (X) (0.2) shown in FIG. 15,
and furthermore, biotin (0.001), oleic acid Na (0.1), a mixture
(4.8 mg/mL) of 18 kind of amino acid excluding methionine
and cysteine (sulfur-containing amino acids), and glutamic
acid Na (8 mg/ml) as a buffering agent were added.

Culture Conditions: 100 mI/500 mI.-square flask, 27° C.,
130 rpm
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(Results)

The results are shown in FIG. 15.

Cells on day 2 of the 1st culture were washed, used as
inoculum to seed to a medium of the same composition, and
then subcultured for the 2nd adaptation culture. This was
continued upto the 4th adaptation culture. FIG. 15 shows the
results of growth on day 5 of the 2nd adaptation culture
(T2d5), on day 5 of the 3rd adaptation culture (T3d5), and on
day 6 of the 4th adaptation culture (T4d6). The OD value of P.
pastoris NBRC10777 increased when a compound contain-
ing B, Si, Ge, Te, or others as an S source substitute compound
was added, compared with that of the control to which no S
substitutes compound was added. The OD value tended to be
higher in the 4th subculture than in the 2nd subculture.

Example 19

In addition to the above Examples, it was observed in
various tests conducted in the course of research of the
present patent application that various non-essential elements
were incorporated by the microorganisms of the present
invention. On the basis of the results of both Examples and
various tests, examples of non-essential elements incorpo-
rated in each microorganism by the culture method of the
present invention are summarized in Table 8. In Table 8, for
example, Escherichia coli K12 grew using various com-
pounds containing one, two, or more non-essential elements
as constitutive elements when cultured under the various
conditions of the present invention, so that a total of 13 kind
of'element could be incorporated. It was further revealed that
when the results obtained using other microorganisms are
taken together, at least a total of 15 kind of element were
incorporated as essential elements by 7 strains (5 types of
bacterium and 2 types of yeast).

TABLE 8

Examples of elements incorporated by microorganism

Minimal
essential
medium Microorganism La Nd Tb Er Ti V Nb Mo W B Si Ge Sn As Te
C(aC+X) E coliX12 0 0
N(@N+X) E. coliK12 0 0 0 0 0 0
P@P+X) E coliX12 0O 0 o0 o0
S(@S+X) E. coliK12 0O 0 o0 o0 0 o 0 0 0 0 0 0 O
Sub total 13 elements were 0O 0 0 o0 0 o 0 0 0 0 0 0 O
incorporated by 1
bacterial strain
C(aC +X) B. subtilis Marburg 0
N (@aN+X) B. subtilis Marburg 0 0 0 0
P(aP+X) B subtilis Marburg 0o 0 0
Sub total 5 elements were 0 0 0o 0 0
incorporated
by 1 bacterial strain
C(aC+X) C. glutamicum 0
P(@P+X) M smegmatis 0 0
N (@N+X) N. asteroids 0 0
P(@P+X) N asteroids 0o 0 0
S(@S+X) N asteroids 0 o 0 0 0 o0 0
Sub total 7 elements were 0 o 0 0 0 o0 0
incorporated
by 3 bacterial strains
P(@P+X) P pastoris 0o 0 0 0
C(aC+X) S cerevisiae 0
S(@S+X) S cerevisiae 0 0
Sub total 5 elements were o 0 0 o0 0
incorporated
by 2 yeast strains
Total 15 elements were La Nd Tb Er Ti V Nb Mo W B Si Ge Sn As Te

incorporated
by 7 strains of bacteria
and yeast
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The abbreviated names of microorganism used are as fol-

lows.

Bacterial Strains

E. coli: Escherichia coli, B. subtilis: Bacillus subtilis, C.
glutamicum: Corynebacterium glutamicum, M. smegma-
tis: Mycobacterium smegmatis, N. asteroides: Nocardia
asteroides,

Yeast Strains

P. pastoris: Pichia pastoris, S. cerevisiae: Saccharomyces
cerevisiae

INDUSTRIAL APPLICABILITY

The present invention can be used for production of useful
materials, and in a broad range of industrial fields including
agriculture, foods, medicine, beauty, environment, and basic
material industries.

The method for culturing microorganisms of the present
invention has the following characteristics.

(1) It enables incorporation of one, two, or more non-
essential elements selected from among 15 or more kind
thereof, the presence of which in cells of general micro-
organisms has not been known, into existing microor-
ganisms.

(2) It enables efficient incorporation of non-essential ele-
ments. When applied to Escherichia coli K12, 10 or
more non-essential sources can be incorporated (into
cells). When Escherichia coli was grown in a medium
supplemented with an Si-containing compound, E. coli
grew in a dose-dependent manner and incorporates Si
element into the cells. This is understood to mean that Si
element was incorporated as a cell constituent. Further-
more, the content of Si element in E. coli cells was 50 or
more higher than that in control cells. The method of the
present invention is applicable to other bacteria and
fungi. As a result, many non-essential elements can be
efficiently incorporated into bacteria and fungi.

(3) According to the present invention, existing microor-
ganisms were successfully caused to incorporate non-
essential elements that are believed to be safe or ele-
ments that are experimentally known to have low
toxicity. Unlike the original strains, the thus obtained
microbial cells contain new elements, and thus they are
expected to have acquired new metabolic functions and
new capacity for production of materials.

(4) As known microorganisms have a high degree of use-
fulness in production of materials, similarly, microbial
cells obtained by the present invention are expected to be
useful in production of pharmaceutical products, vac-
cine production, food production, and the like.

(5) Microbial cells obtained by the present invention are
expected to be useful for development of technology for
recovering or removing useful or harmful metals from
the environment. The microbial cells are also useful for
decomposition of substances of environmental concern.

All publications, patents, and patent applications cited
herein are incorporated herein in their entirety.

The invention claimed is:

1. A method for culturing a microorganism to cause a
microbial cell to incorporate a substitute element as a consti-
tutive element thereof, comprising culturing a microorganism
and letting the microorganism grow in a medium supple-
mented with a substitute compound that is prepared by adding
a compound containing a substitute element substituting for
C, N, P, or S to a nutrient-limited medium prepared by limit-
ing a nutrition source containing C, N, P, or S in the medium,
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wherein the substitute compound is an inorganic or organic
compound and the substitute element is at least one
selected from the group consisting of elements V, Mo, B,
Si and Ge, and wherein the microorganism is a strain
belonging to bacteria, yeasts, or fungi.

2. The method according to claim 1, wherein the microor-
ganism is a mutant strain having enhanced capacity for incor-
porating the substitute element, including a mutant strain in
which the capacity for using a nutrition source containing any
one of C, N, P, and S is lowered or deleted, and a mutant strain
having enhanced capacity for using a substitute compound.

3. The method according to claim 1, wherein: the substitute
compound is an oxide, a halide, an alkali metal salt, a complex
of'the substitute element, or an organic compound to which a
simple alkyl group(s), alcohol, an organic acid, amine, or an
amide group(s), is(are) bound.

4. The method according to claim 1, wherein the elemental
composition of microbial cells, a cell constitutive substance,
and/or the amount and/or property of a microbial metabolite
are changed by varying the type and/or amount of a substitute
compound to be added to a medium in which a microorgan-
ism is cultured.

5. The method according to claim 1, wherein the microor-
ganism is a strain belonging to any one of the genera of
Bacillus, Corynebacterium, Mycobacterium, Nocardia,
Streptomyces, Bifidobacterium, Lactobacillus, Chlamydia,
Escherichia, Candida, Pichia, Saccharomyces, Aspergillus,
Cephalosporium, and Penicillium.

6. The method according to claim 5, wherein the microor-
ganism is a mutant strain having enhanced capacity for incor-
porating the substitute element, including a mutant strain in
which the capacity for using a nutrition source containing any
one of C, N, P, and S is lowered or deleted, and a mutant strain
having enhanced capacity for using a substitute compound.

7. The method according to claim 1, wherein the substitute
element is at least one selected from the group consisting of B,
Si, and Ge.

8. The method according to claim 5, wherein the substitute
element is at least one selected from the group consisting of B,
Si, and Ge.

9. The method according to claim 1, wherein the substitute
element is Si.

10. The method according to claim 5, wherein the substi-
tute element is Si.

11. The method according to claim 5, wherein: the substi-
tute compound is an oxide, a halide, an alkali metal salt, a
complex of the substitute element, or an organic compound to
which a simple alkyl group(s), alcohol, an organic acid,
amine, or an amide group(s), is(are) bound.

12. The method according to claim 1, wherein: the medium
supplemented with a substitute compound is a medium pre-
pared by adding a compound containing at least one selected
from the group consisting of B, Si, and Ge to a nutrient-
limited medium in which a nutrition source containing the
element C, N, P, or S is limited;

and the microorganism is a strain belonging to any one of

the genera selected from the group consisting of Bacil-
lus, Corynebacterium, Mycobacterium, Nocardia,
Streptomyces, Bifidobacterium, Lactobacillus, Chlamy-
dia, FEscherichia, Candida, Pichia, Saccharomyces,
Aspergillus, Cephalosporium, and Penicillium.

13. The method according to claim 5, wherein the medium
supplemented with a substitute compound is a medium pre-
pared by adding a compound containing at least one selected
from the group consisting of B, Si, and Ge to a nutrient-
limited medium in which a nutrition source containing the
element C, N, P, or S is limited.
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14. The method according to claim 5, wherein the elemen-
tal composition of microbial cells, a cell constitutive sub-
stance, and/or the amount and/or property of a microbial
metabolite are changed by varying the type and/or amount of
a substitute compound to be added to a medium in which a
microorganism is cultured.

15. A method for culturing a microorganism belonging to
any one of Escherichia coli, Bacillus subtilis, Corynebacte-
rium glutamicum, or Saccharomyces cerevisiae to cause a
microbial cell to incorporate Si as a constitutive element
thereof, comprising culturing a microorganism and letting the
microorganism grow in a medium supplemented with a sub-
stitute compound that is prepared by adding a compound
containing Si substituting for C to a C source-limited medium
prepared by limiting C source in the medium, wherein the
substitute compound is selected from organic Si compounds
and inorganic Si compounds.

16. The method according to claim 15, wherein the substi-
tute compound is selected from silane and alkali metal silicate
salt.

17. The method according to claim 16, wherein the C
source contained in a limited amount in a C source limited
medium is sodium lactate, sodium glutamate or glucose, to
each of which yeast extract is further added, and wherein the
silane is methyltrimethoxylsilane, diethoxydimethylsilane,
or tetraethyl silicate, and wherein the alkali metal salt of
silicate is calcium silicate.
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